Transcatheter mitral valve replacement (TMVR) provides definitive valve replacement through a minimally invasive procedure. In the setting of TMVR, it remains unclear how relevant the differences between different mitral annular (MA) diameters are. We sought to define a simplified and reproducible method to describe the MA size.
Using cardiac computed tomography angiography (CTA) studies of 47 patients, 3D MA perimeter (P 3D ) was annotated. The aorto-mitral continuity was excluded from MA contour either by manual annotation (yielding a saddle-shape model) or by simple truncation at the medial and lateral trigones (yielding a D-shape model). The method of the least squares was used to generate the projected MA area (A proj ) and perimeter (P proj ). Intercommissural (IC) and septolateral (SL) diameters, D mean ¼ (IC diameter + SL diameter)/2, area-derived diameter (D Area ¼ 2 x p (A/p)) and perimeterderived diameter (D Perimeter ¼ P/p) were measured. MA eccentricity, height, and calcification (MAC) were assessed. Thirty studies were re-read by the same and by another observer to test intra-and inter-observer reproducibility. Patients (age, 75 + 12 years, 66% males) had a wide range of mitral regurgitation severity (none-trace in 8%, mild in 55%, moderate-severe in 37%), MA size (area: 5 -16 cm 2 ), eccentricity (28-52%), and height (3-11 mm) . MAC was seen in 11 cases, in whom MAC arc occupied 26 
Conclusion
MA sizing by CTA is readily feasible and reproducible. D mean is a simple index that can be used to infer the effective MA size.
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Introduction
Mitral regurgitation (MR) is the most common valvular heart disease and its prevalence increases with advancing age. 1 Surgical correction is the mainstay of therapy for MR but operative mortality and morbidity rise with increasing age 2 and surgery is deferred in a large number of patients because of high surgical risk. 3 Whereas conventional replacement is associated with a lower risk of recurrence, evidence suggests that chordal-sparing therapies provide better outcomes. 4 Combining definitive valve replacement with preservation of subvalvular structures through a minimally invasive transcatheter mitral valve replacement (TMVR) has been recently shown to be feasible 5 -7 with encouraging results acutely and up to 6 months. 6 The haemodynamic performance of a stented bioprosthetic valve is primarily determined by its orifice diameter. 8 Conformation to the native annulus is also necessary for adequate anchoring and paravalvular sealing. Therefore, accurate assessment of the native annular size and accordingly appropriate sizing of the prosthetic valve are crucial to achieve optimal haemodynamic results but can be challenging given the complex geometry of the mitral annulus (MA). Unlike the planar aortic valve annulus, the MA is a threedimensional, non-planar, and saddle-shaped structure. 9 -12 The size of the MA, when assessed by 3D echocardiography or cardiac computed tomography angiography (CTA), is commonly reported as a projected area. 9, 13, 14 On the other hand, most TMVR devices are circular 15 and their sizing is, accordingly, based on a single diameter. Available data from preclinical 16 -18 and small human 6 studies reveal no consensus on how to define the MA size in the setting of TMVR.
CTA imaging provides three-dimensional volumetric data sets with sub-millimeter spatial resolution providing an accurate and complete evaluation of the MA including simple 2D diameters (e.g. the intercommissural (IC) and the septolateral diameters) and effective diameters (that account for the 3D geometry of the annulus). In the setting of TMVR, it is unclear how relevant the differences between different approaches to define the size of the MA are. We sought to define a simplified and reproducible method to describe the MA size.
Methods
The study was approved by the institutional review board and all patients provided informed consent. The study population consisted of 47 patients who had a cardiac CTA in the diagnostic workup during consideration for coronary revascularization or transcatheter aortic valve replacement.
Prospectively triggered cardiac CTA examinations were performed with the scan range extending from the carina to the diaphragm. Scans were performed using a 320-multi-slice scanner (Aquilion ONE, Toshiba Medical Systems, Tochigi-ken, Japan) with slice collimation of 320 × 0.5 mm, rotation time of 350 ms, tube voltage of 120 kV, and automated tube current modulation. Iodinated contrast agent (Omnipaque) was injected through an antecubital vein at a flow rate of 5 mL/s, followed by saline solution. All datasets were stored in a remote workstation for offline analysis.
Mid-diastolic CTA data (at a section-thickness of ≤1 mm) were analysed using a dedicated Mitral Analysis workflow in 3mensio Structural Heart TM (Pie Medical Imaging BV, Maastricht, the Netherlands). This dedicated analysis workflow provides a double oblique multiplanar reconstruction that displays two orthogonal views; a long-axis view (the plane of which traverses the left ventricular (LV) apex and the centre of the mitral annulus) and a short-axis view ( Figure 1) .
Assessment of the mitral annulus
The mitral annulus was annotated on the long-axis view as previously described 19, 20 to trace the 3D saddle-shape annular perimeter ( Figure 1 ).
In the present study, however, we followed a more straight-forward approach for the annotation of the anterior segment of the annulus (next to the aorto-mitral continuity) to improve reproducibility of MA sizing. We defined the boundary between the anterior mitral leaflet (AML) and the intervalvular fibrosa (i.e. the aorto-mitral continuity) by first identifying the AML tip in the long-axis view and then scrolling cranially towards the aortic valve. The boundary is defined in the short-axis view where a clear continuity is identified between the lateral and medial fibrous trigones ( Figure 2) . Additionally, a D-shape model of the MA was created and analysed by the same observer in 30 cases. In the D-shape model, the anterior border of the MA is defined by a virtual (intertrigonal-IT) line connecting the lateral and medial trigones 14 truncating the anterior annular peak ( Figure 3) . This model has been previously proposed to afford less encroachment of the TMVR device on the left ventricular outflow tract (LVOT), maintaining its patency. 
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The method of the least squares 21 (similar to projecting the contour onto a plane) was used to derive the projected area and perimeter ( Figure 4 ). The following MA parameters were measured: IC and septolateral (SL) diameters, 3D perimeter (P 3D ), projected area (A proj ), and perimeter (P proj ). The IC diameter was measured as the largest MA dimension typically transecting through the MA centroid. 22 The SL diameter was defined as the dimension perpendicular to, and bisecting, the IC diameter. All measurements were performed in mid-diastolic reconstructions to depict the largest MA size. 9, 13, 23, 24 From these measurements, three annular diameters were then calculated; 
Assessment of the sub-mitral apparatus
LV dimensions were measured at the papillary muscle (PM) level (at the basal edge of the PM insertion to the LV) and at the basal level (at the junction of the middle and basal thirds of the LV). LV eccentricity (defined as the ratio between the major and minor transverse diameters at the basal level) and sphericity (an estimate of PM displacement, defined as the ratio between the major LV transverse diameter at the PM level and the PM-MA distance 12, 25 ) were subsequently computed.
LV wall thickness was measured from the three-chamber view at the basal level (interventricular septum and posterior wall thickness).
Reproducibility analysis
In 30 CTA studies, analysis was performed by two cardiologists (a CTA specialist-E.S. and an interventional cardiologist-M.A.) to investigate Figure 2 The methodology used for the definition of the anterior segment of the mitral annulus. We first identified the tip of the AML in the long-axis view (right, upper panel) and then we scrolled cranially through the aorto-mitral curtain (displayed in succession from the upper through to the lower panels). The anterior boundary of the mitral annulus was defined where a clear continuity is identified between the lateral and medial fibrous trigones in the short-axis view (left, lower panel). The star (red) indicates the mitral valve level intersected by the short-axis imaging plane.
inter-observer reproducibility of MA parameters. Re-read by the same observer (M.A.) was performed at a median interval of 5 weeks to investigate intra-observer reproducibility.
Statistical analysis
Continuous variables are summarized as mean + SD when normally distributed or as median and interquartile range when non-normally distributed. Categorical variables are presented as frequencies and percentages. Continuous variables were compared using the Student's t-test and the association between them was tested using Pearson correlation. Intra-and inter-observer agreements for the MA measurements were expressed by the intraclass correlation coefficient (ICC). Intra-and inter-observer variability was expressed as absolute difference and as coefficient of variation (CV) calculated as the SD of inter-/ intra-observer difference divided by the population mean. Bland -Altman method was used to plot the differences between MA diameters with the assessment of systematic bias and confidence limits of agreement (LOA). Statistical analysis was performed with SPSS 23.0 (IBM, Armonk, NY, USA). All probability values were two tailed, and a value of P , 0.05 was considered significant. 
Results
Summary of the characteristics of the patients, the mitral valve, and the sub-mitral apparatus is presented in Table 1 . Patients (age, 75 + 13 years) were predominantly males (66%). MR was none-trace in 8%, mild in 55%, moderate -severe in 37%. A wide range of MA size (area: 5 -16 cm 2 ), eccentricity (28 -52%), and height (3-11 mm) was represented. The anterior peak of the MA represented the highest point of the annular contour in 40 cases while the posterior peak was higher in the remainder. The average height of the anterior peak was 5.4 + 1.9 mm while that of the posterior peak was 4.3 + 1.3 mm. The anterior peak was in average + 1.1 mm higher than the posterior peak. MAC was seen in 23% of cases and its arc circumference occupied 26 + 20% of the MA circumference.
MA diameters
The average MA A proj was 10.3 + 2.3 cm 2 . P 3D and P proj were 119.8 + 12.6 and 116.7 + 11.8 mm, respectively (P ¼ 0.22). P 3D was larger than P proj in all cases (average difference + 3.1 mm).
The difference correlated strongly with MA height (r ¼ 0.88, P , 0.001).
As the MA is expected to conform to the TMVR bioprosthesis assuming a planar configuration, the projected area and projected D Area tended to be slightly larger than D mean ( Figure 7A ). The difference between D Area and D mean ranged from 21.9 to 2.6 mm and averaged + 0.6 mm. The 95% LOA were 2.1 and 20.9 mm. The difference did not correlate (P . 0.05) with MA eccentricity, height, or calcification severity. There has also been no correlation between the difference and LV diastolic diameters (minimum, maximum, and long axis), wall thickness, ejection fraction, eccentricity, or sphericity.
D Perimeter was larger than D mean in all cases ( Figure 7B) . The difference ranged from 0.2 to 5.6 mm and averaged + 1.8 mm. The 95% LOA were 3.8 and 20.3 mm. The difference weakly correlated with MA eccentricity (r ¼ 0.36, P ¼ 0.013) and height (r ¼ 20.32, P ¼ 0.03).
MA diameters in the D-shape model
Summary of the different parameters of MA size according to the D-shape model is presented in Supplementary data online, 
Comparison of the two models of mitral annulus definition
As expected, the SL diameter was larger in the saddle-shape (31. Table S1 ). Table 2 summarizes the indices of intra-and inter-observer reproducibility of different MA diameters. Overall, the ICC was high (0.93-0.98), the average bias was small (0.4 -1.1 mm), and the CV was low (3-7%) for all diameters. Inter-observer reproducibility tended to be lower in patients with MAC, with the inter-observer bias being significantly higher in those with vs. those without MAC for D Area (Supplementary data online, Table S2 ).
Reproducibility of MA diameters
Discussion
The main findings of the present study are that (i) projected areaand perimeter-derived MA diameters are closely related with small differences, implying that either D Area or D Perimeter could be interchangeably considered the 'effective annular diameter', (ii) IC and SL diameters differed significantly from the effective annular diameters while D mean was consistent with the effective diameters regardless of the annular model used for sizing (saddle-shape vs. D-shape), implying that D mean could be used to infer the effective MA diameter, and (iii) regardless of the parameter used to size the MA, CTA yielded an excellent reproducibility of measurements, suggesting that CTA could be reliably used to size the native MA in the setting of TMVR. Compared with echocardiography, CTA provides 3D sets of data of cardiac morphology with excellent image quality basically owing to the higher spatial resolution, the lower signal-to-noise ratio, and the completeness of data it provides. 26 Moreover, image quality on CTA tends to be 'isotropic' throughout the data set with small variability between different structures in the scan field. 26 In the present study, adequate MA sizing was feasible by CTA in all cases and was shown to be perfectly reproducible, further confirming the usefulness of this tool in planning for interventions to treat MR. The approach used for the definition of the anterior segment of the MA (Figure 2 ) might have contributed to the excellent reproducibility, which was achievable even when an interventional cardiologist with no prior CTA training performed the analysis. Care should be exercised when tracing the MA contour in patients with MAC where artefacts could significantly increase inter-observer variability. Cardiac CTA has evolved into a versatile, non-invasive imaging tool in cardiovascular medicine. However, the increasing use of CT has raised concerns about cumulative radiation dose. 27 The usage of iodinated contrast agents represents another limitation of CTA, an aspect of a special importance in elderly patients with vascular disease and renal insufficiency. Paucity of haemodynamic information and low temporal resolution are other barriers precluding the adoption of CTA as a stand-alone tool without complementation with echocardiography. A direct comparison of 3D echocardiography and CTA is awaited to define the best method for TMVR planning.
Proper sizing of the native annulus prior to valve replacement is known to be a critical determinant of prosthetic valve performance and stability as well as paravalvular sealing. Lessons learned from transcatheter aortic valve implantation imply that inaccurate sizing of the native aortic annulus leads to under/over-sizing of the transcatheter heart valve (THV) with resultant increased risk of conduction defects, paravalvular leakage (PVL), poor device fixation, annular rupture, and injury of adjacent structures. 28 -32 Twodimension sizing of the aortic annulus was shown to be less accurate than area/perimeter-based sizing 29 (preferably using CTA 33, 34 ) and to systematically lead to THV under-sizing and the development of PVL. 35 Subsequently, it became evident that clinically significant differences exist even between annular mean diameter, area-derived diameter, and perimeter-derived diameter. 36 -40 In the setting of TMVR, annular sizing is more challenging given the complex 3D non-planar and non-circular geometry. 9, 13 Although the complexity of the MA geometry is well known, the current methods used to guide TMVR device size selection lack standardization. For some of TMVR devices, sizing is based on a single annular diameter (e.g. SL diameter 6 ) or considers both the IC and SL diameters. 16, 17 For others, 18 sizing is based on D mean ([IC dimension + SL dimension]/2). The latter was shown in the present study to be closest to the MA effective diameters. Additionally, D mean determination does not need complex imputations or dedicated analysis workflow and can be derived from 2D echocardiographic measurements (e.g. from the orthogonal two-and three-chamber views). Intermodality (CTA and echocardiography) reproducibility of D mean is, however, unknown and needs yet to be investigated.
We also found that a careful definition of the anterior segment of the annular contour yields a saddle-shape MA model that is not significantly different in size from a D-shape (truncated) model. Blanke and colleagues 14 the plane of the aortic valve virtual annulus while in our analysis this continuity has been excluded from the MA contour (Figures 2 and 3) . Accordingly, the saddle-shape model in Blanke's study had a larger height (10.6 + 1.8 mm) and SL diameter (40 + 5 mm) than the saddle-shape model in the present study (height: 5.5 + 1.9 mm, SL diameter: 31.4 + 4.5 mm). In Blanke's study, the MA height was significantly higher than expected for a series of patients with LV dilation (end diastolic diameter, 67 + 8 mm) and systolic dysfunction (EF, 29 + 8%) where lower values of the MA height have been previously reported. 10 This explains the close similarity between the saddle-and the D-shape models in the present study, as both excluded the aorto-mitral continuity (by manual point-by-point annotation in the first, or by simple truncation at the IT line in the second).
One of the raised issues is the timing (in the cardiac cycle) of annulus size measurements. MA area has been shown to considerably change during the cardiac cycle being largest in mid-late diastole, 9,13 when non-planarity is known to be maximum. 13 Therefore, we confined the measurements to mid-diastole. Dynamicity of the MA size, although observed in normal hearts and in different cardiac pathologies, is variable in magnitude being, for example, larger in hypertrophic cardiomyopathy than in dilated cardiomyopathy. 9, 13 Non-planarity was also shown to be minimal in the latter group than in the former and to be maximal in those with no gross cardiac pathology. 9 Those influences of the LV status (e.g. dilated with impaired contractility vs. hypertrophied with small cavity and good contractility) on MA dynamicity and geometry were considered in the present study, where the geometry of the sub-mitral LV structures and its influence on MA sizing were studied. This was basically aiming at a more careful generalization of the results of the present series. The present series, albeit relatively small, represents the spectrum of sub-mitral geometry. LV ejection fraction ranged from 30 to 77%, LV antero-posterior diameter from 36 to 66 mm, IVS thickness from 7 to 21 mm, LV eccentricity index from 1.0 to 32% and LV sphericity index from 0.9 to 2.2.
Limitations
Although a wide spectrum of the geometric phenotypes of the MA and the sub-mitral apparatus was represented in the present study, patients with degenerative MR were not included in the analysis and generalization of the results to that important subgroup of patients should be cautious. Admittedly, MA area was shown to be larger and MA eccentricity was shown to be greater in patients with degenerative MR when compared with those with functional MR. 41 Additionally, all grades of MR were represented in the present analysis while only patients with severe MR are the typical candidates for TMVR.
Conclusion
In the present study, mitral annulus sizing was feasible and reproducible using CTA. Regardless of the model used to define the mitral annulus, exclusion of the aorto-mitral continuity yields a consistent relation between D mean and D Area and D Perimeter . D mean is a simple parameter that can be used to infer the effective MA size in the setting of TMVR.
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Supplementary data are available at European Heart JournalCardiovascular Imaging online. The publisher wishes to inform readers that figure 2 in the above paper was incorrect as published as the curves shown in the figure did not correspond to the c-indices of the legend. 
